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Introduction
According to Wilson (1990), the non-reproductive 
division of labor among nestmates is the evolutionary ad-
vantage that most promoted the ecological success of social 
insects. This division of labor among workers that contin-
ues throughout their lifetimes is known as temporal poly-
ethism; or if according to the morphology of the individual, 
morphological polyethism (Naug & Gadagkar, 1998a). This 
phenomenon is most common in termites (Noroit, 1989) and 
ants (Hölldobler & Wilson, 1990), and was recently discov-
ered in a species of bee, Tetragonisca angustula (Latreille) 
(Grüter et al., 2011).
Temporal polyethism is evident in honey-bees (See-
ley, 1995) and stingless bees (Sommeijer, 1984). Both tem-
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poral and morphological polyethism are less evident in Hal-
ictinae bees (Michener, 1974), Bombus (Cameron, 1989) 
and Polistinae wasps (Jeanne, 1991).
According to Shorter and Tibbetts (2008), social 
insects can also be divided into two categories, the least-
derived or basal, and the most-derived. In most derived so-
cial insects there is a clear temporal polyethism, in which 
young workers care for the offspring, more often performing 
intra-nest tasks, while older workers forage and defend the 
colony, as described for Apis mellifera (Linnaeus) (Huang & 
Robinson, 1996), Polybia occidentalis (Olivier) (O’Donnell, 
2001), Pheidole dentata (Mayr) (Wilson, 1976), Trachy-
myrmex septentrionalis (Wheeler) (Beshers & Traniello, 
1996) and Agelaia pallipes (Olivier) (Nascimento et al., 
2005), all species that are considered more derived within 
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their respective groups.
Less-derived social insects have a less-clear division 
of labor: they are able to perform different tasks according 
to the needs of the colony (Beshers & Fewell, 2001). Among 
the species that have been studied are Bombus griseocol-
lis (De Geer) (Cameron, 1989), Bombus bifarius nearcticus 
(Handl) (O’Donnell et al., 2000), Polistes lanio lanio (Fabr-
icius) (Giannotti & Machado, 1994) and Belonogaster peti-
olata (De Geer) (Jeanne, 1991), in which no clear temporal 
polyethism was observed. However, other species such as 
Polistes canadensis (Linnaeus) (Giray et al., 2005), Ropa-
lidia marginata (Lepeletier) (Naug & Gadagkar, 1998b), 
Polistes metricus (Say) (Dew & Michener, 1981), Polistes 
jadwigae (Dalla Torre) (Tsuchida, 1991) and Polistes 
dominula (Christ) (Pardi, 1950) have a clearer division of 
labor.
The degree of temporal polyethism also seems to be 
related to the size of the colony (Wilson, 1971; Thomas & 
Elgar, 2003), since the division of labor among workers in 
general is directly proportional to colony size (Jeanne, 1986). 
In colonies of ants, bees, wasps and termites with thousands 
to millions of individuals, the division of tasks is clear and 
workers are highly specialized (Jeanne, 1986; Hölldobler & 
Wilson, 1990). However, in small colonies of fewer than a 
hundred individuals, the workers tend to perform different 
daily tasks, showing “behavioral plasticity,” for example, 
species of the genera Polistes (Post et al., 1988), Bombus 
(Cameron & Robinson, 1990) and Belonogaster petiolata 
(Jeanne, 1991).
The different tasks performed by workers determine 
their life expectancy. Antonialli-Junior et al. (2007) found 
that the life expectancy of workers of Ectatomma planidens 
(Borgmeier) gradually decreases after the onset of foraging 
activity. Other studies conducted with wasps, by Miyanno 
(1980) with Polistes chinensis antennalis (Pérez) and Jeanne 
(1972) with Mischocyttarus drewseni (Saussure) found that 
the mortality rate increases after the wasps initiate extra-nest 
activities.
The first tasks performed by workers are usually 
intra-nest, which are safer and less costly. As the workers 
become older and more experienced, they perform outside-
nest tasks (Wilson, 1971). Jeanne (1986) and Tofilski (2002) 
suggested that these sequences of tasks must maximize the 
workers’ longevity.
This study investigated how temporal polyethism oc-
curs and its effects on life expectancy and entropy in the 
eusocial wasp Polistes canadensis canadensis (Linnaeus), 
because of the importance of the division of labor in under-
standing the level of organization in social-insect colonies.
Material and Methods
The observations were made on colonies of P. c. 
canadensis constructed in urban areas of the central-west-
ern Brazil (23º56’17” S and 54º16’15” W). The study was 
conducted between March 2005 and June 2006, totaling 200 
hours of observation, in which 145 workers were monitored 
in 15 colonies.
Workers were marked as they emerged with dots of 
nontoxic paint on the mesosome, similarly to method used 
by Nakata (1996), allowing monitoring of their behaviors. 
Marking allowed us to collect data on life expectancy and to 
calculate the entropy for the workers.
Temporal polyethism
Marked workers were observed for one hour, three 
times a week, for qualification and quantification of behav-
ioral acts performed throughout their lives, to characterize 
the temporal polyethism. We used the method of all occur-
rences (“ad libitum” sensu Altmann, 1974), which involves 
observing the animal’s behavior including its entire perfor-
mance, i.e., its movements and/or immobility. A description 
of how each action was executed was given by Torres et al. 
(2009). 
The behavioral repertoire of the workers was grouped 
by week and analyzed by Nonmetric Multidimensional Scal-
ing (NMDS). The Bray-Curtis similarity matrix was used 
for the NMDS ordination, based on the workers’ behavioral 
repertoire according to the weeks of life. Behavioral data for 
the first six weeks (days 1 to 49) were used for the NMDS 
analysis, because by that time more than 50% of the workers 
had died.
Determination of life expectancy and entropy
The workers’ life expectancy was calculated accord-
ing to the methodology proposed by Carey (1993) and for 
the life-table construction and life-expectancy calculation, 
data were used for 145 workers, which were observed from 
emergence until death, by using the equation:
Where: Tx= total number of days at age x of survi-
vors until the last possible day of life; x= age interval of 1 
day; w= maximum age in days reached by the last surviving 
individual; Lx= mean probability of surviving between suc-
cessive ages, calculated as Lx= lx-(dx)/2; lx= proportion of 
survivors among newly emerged workers in relation to age 
interval; dx= proportion of individuals that died between age 
x and x +1, calculated as dx= lx-lx +1. The remaining life 
expectancy (ex) of individuals at the beginning of each in-
terval was calculated as ex= Tx/ lx.
Entropy (H), a measurement of the heterogeneity in 
the survival pattern, defined as the ratio between the number 
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of days lost by the population due to deaths and the number 
of days that the workers lived, was calculated by the equa-
tion:
Where: ex= life expectancy at age x; dx= proportion 
of individuals that died between ages x and x +1; e0= life 
expectancy at age 0; and ew= maximum age reached by the 
last surviving individual.
According to Carey (1993), the lower the value of 
entropy, the later individuals tend to die; and the higher the 
entropy value, the higher is the mortality in the initial inter-
vals. Therefore, in populations in which individuals reach 
their maximum longevity, the entropy value is closer to zero; 
while in populations where the mortality rate is very high in 
the initial intervals, this value is closer to 1.
Results
Temporal polyethism
The workers of P. c. canadensis performed 22 dif-
ferent types of tasks during their lives, and the frequency 
of each act varied according to age (Fig 1). The behaviors 
of vibrating wings, cleaning cells, larva-adult trophallaxis, 
suffering physical dominance, checking cells with antennae, 
walking on the nest or on the substrate, moving the gaster, 
self-grooming, adult-adult trophallaxis, checking cells and 
immobile on the nest were performed more often by younger 
workers. On the other hand, the behaviors of removing lar-
vae from the nest, destroying cells, rubbing the gaster on 
the nest and oophagy were performed more often by older 
workers (Fig. 1).
With respect to foraging activity, the workers of P. 
c. canadensis started this behavior since the beginning of 
the first week of life, and intensified with the aging of the 
worker; however, the older females in the colonies did not 
forage (Fig 1).
Behaviors such as recognizing a newly emerged fe-
male, larviphagy, and applying oral secretion on the nest or 
on the substrate were performed with similar frequencies in 
both younger and older workers. The nonmetric multidimen-
sional scaling analysis (NMDS: R2 = 0.78, F = 14.5, p <0.02, 
gl = 4) showed significant variation in the behavior of work-
ers until the fifth week of life (Fig 2).
Determination of life expectancy and entropy
The mean longevity of the workers was 37.06 ± 
29.07 days (1-126 days). The estimated life expectancy 
was ex= 36.56 days just after emergence, increasing to ex= 
40.00 days on the eighth day of life. From that time until 
the worker reached the maximum longevity, life expectancy 
decreased more gradually (Fig 3). The highest mortality rate 
occurred during the first week of life; 24.14% of the work-
ers had died by the seventh day. Half of the workers did not 
reach 45 days, and only 9.65% exceeded 84 days (Fig 3).
The entropy found in P. c. canadensis was H = 
0.750 (Fig 4), indicating a high mortality rate during the first 
intervals. The survival curve remained between 0.5 and 1.0 
until the last life interval of workers (Fig 4). Because of the 
high number of deaths during the first days of life, the sur-
vival curve for this species has a convex shape. This curve 
is more pronounced until the 10th day of life and then in-
creases more gradually until the last day of life.
Figure 1. Frequency with which workers of Polistes 
canadensis canadensis performed the 22 behavioral 
acts throughout their lives.
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Discussion
The results found here demonstrate that the behav-
ioral repertoire of the workers varies according to the age 
(Figs 1 and 2), although the NMDS indicated that this vari-
ation occurs only until the fifth week of life, close to the 
worker’s mean life expectancy. The lack of a clear pattern 
of task execution after the fifth week shows that despite the 
existence of temporal polyethism, the workers have a strong 
“behavioral plasticity” after this age. Similar patterns were 
observed by Jeanne (1991) and Karsai and Wenzel (1998) in 
colonies with fewer than 100 individuals.
2001), A. pallipes (Nascimento et al., 2005) and Vespula 
germanica (Fabricius) (Hurd et al., 2007).
The degree of temporal polyethism also seems to 
be related to the size of the colony (Wilson, 1971; Thomas 
& Elgar, 2003), since the division of labor among workers 
increases as the colony grows (Jeanne, 1986). There is a 
clear division of tasks and workers in colonies of ants, bees, 
wasps and termites with thousands to millions of individu-
als, and they are highly specialized (Hölldobler & Wilson, 
1990; Pie, 2002). However, in small colonies of fewer than 
100 individuals, the workers tend to perform different daily 
tasks, as in species of the genera Polistes (Post et al., 1988; 
Reeve, 1991), Bombus (Cameron & Robinson, 1990) and 
Belonogaster (Jeanne 1991).
Polyethism in M. mastigophorus is also affected by 
dominance interactions between queen and workers and be-
tween workers (O’Donnell, 1998a). According to O’Donnell 
(1998b), the pattern of independent foundation in these 
wasps suggests that the state of dominance in queens and 
workers affects the performance and the division of labor 
among individuals in the colony.
In P. c. canadensis, the queens become more aggres-
sive with workers as they age. The increased aggressiveness 
of the queen with older workers is known as gerontocracy 
(Strassmann & Meyer, 1983), in which the behaviors of 
physical dominance increase with the aging of the worker. 
This phenomenon was also observed by Pardi (1948) in 
Polistes gallicus (Linnaeus); Dew and Michener (1981) in 
P. metricus; and by Strassmann and Meyer (1983) in Polistes 
exclamans Viereck. However, West-Eberhard (1969) and 
Jeanne (1972), investigating colonies of Polistes erythro-
cephalus (Latreille) and M. drewseni, respectively, observed 
that younger females are in positions just below the queen.
Figure 2. Ordination by Nonmetric Multidimensional Scaling 
(NMDS), indicating the behavioral variation according to age in 
workers of Polistes canadensis canadensis.
Although P. c. canadensis is considered a less-derived 
species, it displays temporal polyethism, which is considered 
“weak”. Studies such as those of Jeanne (1991) and Giray 
et al. (2005) found that species of independent-foundation 
show little or no correlation between age and the tasks per-
formed by workers. As seen in other studies, younger work-
ers of P. c. canadensis perform mainly intra-nest tasks, and 
as they age they begin to perform extra-nest tasks. However, 
after the fifth week they perform a wider variety of tasks, 
both intra- and extra-nest.
Studies by O’Donnell (1998a), Naug and Gadagkar 
(1998b), Shorter and Tibbetts (2008) and Togni and Gian-
notti (2010) with Mischocyttarus mastigophorus (Richards), 
R. marginata, P. dominula and Mischocyttarus cerberus 
(Richards), respectively, have shown that even less-derived 
eusocial species have some degree of temporal polyethism. 
However, temporal polyethism is more evident and defined 
in the more-derived eusocial species, with large colonies and 
morphological differences between the castes (Naug & Gad-
agkar 1998a), as observed in P. occidentalis (O’Donnell, 
Figure 3. Life expectancy of workers of Polistes canadensis 
canadensis under field conditions.
Another factor responsible for behavioral changes 
with age is the changes in hormones, especially juvenile hor-
mone (JH) (Giray et al., 2005). Shorter and Tibbetts (2008) 
have shown, for example, that foraging activity is initiated 
earlier by workers of P. dominula when newly emerged 
workers are treated with JH. However, in R. marginata, al-
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though JH accelerates ovarian development, it does not af-
fect the temporal polyethism (Agrahari & Gadagkar, 2003).
The estimated mean longevity of the workers was 
close to that reported for P. c. antennalis (Miyano, 1980). 
The survival curve was relatively convex, similar to that 
described by Jeanne (1972) in M. drewseni, whose work-
ers live on average 31 days. Giannotti (1999) described a 
mean life expectancy of only 14.1 days in Mischocyttarus 
cerberus styx (Richards), shorter than the species described 
above. These authors argue that the onset of foraging activ-
ity is directly linked to the longevity of the workers. 
Life tables and survival curves of Polistes (Epicne-
mius) cinerascens (Saussure) (Giannotti, 1997) and Polistes 
lanio (Fabricius) (Giannotti & Machado, 1999) also show 
high rates of mortality in the first age interval, which co-
incides with the beginning of foraging activity. This rela-
tionship was also observed by Simões and Zucchi (1980) 
in Protopolybia exigua exigua (Saussure) and by Post et al. 
(1988) in Polistes fuscatus variatus (Cresson). According 
to O’Donnell and Jeanne (1995), foraging activity implies 
a greater risk of predation, energy cost and physiological 
stress, thus reducing the life expectancy and longevity of the 
worker, and resulting in an entropy value closer to 1. The 
high mortality rate in P. c. canadenis also coincides with 
the beginning of foraging activity, as 65% of workers began 
foraging activity in their first week of life.
The entropy value of H = 0.750 found here was close 
to that observed by Giannotti and Von Zuben (2000) for P. 
l. lanio (H = 0.869) and M. cerberus (H = 0.767), also less-
derived species with small colonies in which workers begin 
foraging activity early.
Although P. c. canadensis has relatively small colo-
nies, in which workers exhibit certain behavioral plasticity, 
they perform most of their repertoire in the first weeks of 
life; however, it is possible to perceive a clear division of 
tasks by the fifth week. Thus, longevity and entropy are di-
rectly influenced by foraging activity early in the first week 
of life.
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